Abstract. Double-web angle connection is one of the most rudimentary connections in simple structural systems such as braced frame system. It is essentially presumed in conventional designs that double-web angle connection behaves as a hinge connection. However, in braced frames, due to existence of braces in some bays, in speci ed locations where gusset plates of brace are placed with beam-to-column connection in one joint, this assumption may not be accurate. This is due to the restraining of the beam from rotation by gusset plates that are placed either on the top and bottom of the beam or only on one side. In such cases, the simple beam-to-column connection may be transformed into a semi-hinge or xed connection. In this paper, double-web angle connection is investigated in the mentioned locations by using the FEM method along with calculating moment rotation behavior of connection and, subsequently, type and rigidity of the connection. Furthermore, an analytical model is proposed to predict the characteristics of the doubleweb angle connection in the view of the relevant case.
Introduction
Connections and their behavior are contributing factors in designing a steel structure. Generally, before the analysis and the design of a structure, the behavior and type of the connection should be speci ed.
Beam-to-column connections are classi ed into three types: xed (rigid), semi-rigid (semi-hinge), and exible (simple). In the past, using exible and semi-rigid connections in seismic zones was rarely recommended by design codes. In 1991, Nader and Astaneh showed that exible and semi-rigid connections behaved well in most of laboratory tests and these structures had considerable potential for resisting earthquake loading [1] .
The braced frames, in which gusset plates are placed either on the top and bottom of the beam or only on one side of the beam, may prevent the beam from rotation in beam-to-column connections. Basically, they transform the connection from hinge connection to semi-hinge or even xed connection. This event should be considered in the analysis and design of a structure, since it impresses both analysis and design.
In this paper, double-web angle connection is examined regarding places and the e ect of existence of gusset plate on the moment-rotation behavior of the beam-to-column connection being studied. A parametric analysis is done using FEM method in order to investigate the in uence of e ective parameters on the behavior of the connection. Furthermore, an analytical model is proposed to predict the initial sti ness and the ultimate moment of connection, and its results are compared with FEM as well as experimental results.
Previous research
There are numerous research studies performed on double-web angle connection and gusset plates as well as their behavior. However, the research conducted on the e ect of gusset plates on double-web angle connection behavior is very limited. The rst research on the behavior of double-web angle connection was completed in 1917 by Wilson and Moore [2] and it was continued in 1936 by Rathbun [3] . They used riveted connections in their research. Although the behavior of riveted connections is similar to that of nonhigh-strength bolts, their results were not bene cial for new designs. McMullin and Astaneh performed 7 fullscale tests on double-web angle connection in 1988. Some of their conclusions were as the following: 1) Fracturing of the weld at the top of the connection is by far the most common mode of failure; 2) Double-web angle connections are superior to shear tabs, because they have low rotational sti ness; therefore, they transfer less moment into the column; and 3) Overall performance of double-web angle connections is quite acceptable; they resist high shears, allow rotation of the beam end, and, moreover, pass negligible moment to the column [4] . Abolmaali et al. performed some tests to investigate the cyclic behavior of double-web angle connections in 2003. They concluded that in the case of angles bolted to both beam and column, connections could pass 2 to 16 percent of the plastic moment of beam to column. Also, they showed that if angles were connected to beam web through weld and to column ange through bolt, the connection would pass 5 to 45 percent of the plastic moment of beam to column [5] . The research on gusset plates has been started in about one hundred years ago. However, one of the rst documented experiments on gusset plates subjected to cyclic loading was performed by AstanehAsl et al. [6] [7] [8] [9] [10] [11] . Their research consisted of 17 fullscale double-angle bracing members with end gusset plates subjected to cyclic loading. Their research indicated that the cyclic behavior of gusset plates in braced frames strongly depended on the direction of buckling of the bracing member. In the case that the bracing member buckles in the plane of the braced frame, three plastic hinges form in the member, one at mid-length and two others at each end of the member just outside the gusset plate. However, in the case that the bracing member buckles out of the plane of the braced frame, one plastic hinge still forms at midlength of the member, but two other hinges form inside the gusset plate. Formation of plastic hinges in the gusset plate shows that the gusset plate should be designed such that it can resist the relatively large rotation demands of the plastic hinge [6] [7] [8] [9] [10] [11] . Lehman et al. in 2008 performed a study on improvement of seismic performance of gusset plate connections.
Their study focused on the gusset plate clearance; the size and type of weld used to connect the gusset plate to the framing elements; and the impact of the gusset plate sti ness, thickness, and geometry. They proposed an elliptical clearance requirement instead of the 2t linear clearance distance proposed earlier to improve both the constructability and performance of the connections [12] .
The rst research pertaining to the e ect of gusset plates on double-web angle connection behavior was completed in 1988 by Gross and Cheok [13] . They tested braced frames under monotonic loading. However, their research mostly focused on the performance of braced frame; it was ultimately concluded that gusset plates increased rigidity and sti ness of the beam-to-column connection [13] . The most evident research regarding the topic in question has been done in 2012 by Stoakes. He completed eight experimental tests in full scale in order to probe exural sti ness, strength, and ductility, which are the main criteria of AISC code in classi cation of steel beam-to-column connections [14] .
Modeling
The type of connection considered in this research pertains to a double-web angle connection where one or two gusset plates are attached to beam and column through welds or a combination of bolts and welds, on top and bottom of the beam. The overall view of the created models in FEM software are shown in Figure 1 (a) and (b).
Materials
Materials such as steel parts, bolts, and welds are modeled using the nonlinear behavior of each one accordingly. For steel parts, they comprise the beam, column, angles, and gusset plates along with St-37 steel used according to DIN standard. For this type of steel, a tri-linear stress-strain curve is considered. As regards the type of welds, E60 electrode with bi-linear stress- 
Parametric study
In order to investigate the in uence of e ective parameters on moment-rotation behavior of double-web angle connection in the considered locations, a parametric study is performed. The considered parameters comprise beam section, thickness of gusset plate, dimensions of gusset plate, column section, the clip distance at the end of gusset plate, and the existence of one or two gusset plates on the edges of the beam. All of the parameters are introduced in nomenclature and in Figure 2 (a) and (b). In this paper, 53 models are provided to perform a parametric study. At the same time, 40 models out of 53 are related to fully welded connections, where no bolts are applied in them, and are named \M1" to \M40". Overall speci cations of these models are shown in Figure 2(a) . Furthermore, the characteristics of these models are described in Table 2 . The \M1" Table 2 . Characteristics of models \M2" to \M20".
Model
Changed model is considered as the base model and other models are created based on this model in the view of changing a parameter. For \M1" model, \HEB200" is applied to section of column, \IPE240" to beam section, gusset plates with 500 500 10 mm dimensions that are welded to beam, and column with an 8 mm llet weld. Moreover, \L80 80 8" as web angles with a length of 150 mm is welded to beam and column with a 6 mm llet weld. It is distinctively distinguished that models \M21"to \M40" are the same models as \M1" to \M20," respectively, with the only di erence of one gusset plate, which exists on the bottom of the beam, being removed (one gusset plate on top of the beam still remains). Also, in all 53 models, the gap distance between the beam and the column is considered to be 20 mm. Also, 13 out of the 53 models are related to the connections where the bolts and welds applied to them are synchronous, and are named \MWB1" to \MWB13". Overall speci cations of these models (including position and spacing of bolts, etc.) are shown in Figure 2 (b) and characteristics of these models are furthermore elaborated in Table 3 . The \MWB1" model is precisely same as the \test1" model, which was considered by Stoakes [17] in his experimental tests. The \MWB2" model is considered as the base model for this case and other models (\MWB3" to \MWB13") are formed based on this model, but by changing a parameter. For the \MWB2" model, the same sections as those in model \M1" are applied with the only di erence being that angles and gusset plates are connected to the column through bolts in two columns. Regarding the angles, two rows of bolts and four rows for gusset plates with 20 mm of diameter for each bolt are used. As mentioned earlier, it is evident that models \MWB8" to \MWB13" are same as the models \MWB2" to \MWB7", respectively. However, the only di erence is that one gusset plate, which exists on the bottom of the beam, is removed (one gusset plate on top of the beam still remains).
Loading
Two loading conditions are considered in this research, namely, monotonic and cyclic. All models are analyzed using monotonic loading, except for three models, which are subjected to cyclic loading using SAC loading protocol [17] . Monotonic loading is applied to a rigid plate at the end of the beam in the form of pressure in order to avoid stress concentration, while cyclic loading is applied in the form of displacement loading at the end of the beam.
Meshing and analysis options
In this research, two continuum solid element types are used. The rst one is a three-dimensional element with eight nodes and one integration point; the other one is a three-dimensional ten-node tetrahedron element with four integration points. In the base model, there are a total number of 18,017 elements, 32,639 nodes, 63,464 Gauss integration points, and 134,685 degrees of freedom. For important and susceptible areas such as web angles and welds, a ne mesh is used; while for other parts such as beam, gusset plate, and column, a coarse mesh in comparison with other parts is used. \Full Newton" technique is chosen as solution technique and \Direct method" is chosen as equation solver. Both material and geometrical nonlinearities are considered in the model. Large strain tensors are used in FEM models.
Shear locking and spurious zero energy mode
Shear locking phenomenon is an undesirable numerical e ect of the inclusion of transverse shear strain e ects in nite element schemes [18] . As Nascimbene mentioned, \Shear locking appears in a numerical formulation which is not able to represent a state of zero shear in the thin limit, independent of the mesh size. As the thickness becomes extremely thin, the shear strain energy predicted by the nite element model can be magni ed unreasonably." [18] . Also, shear locking appears in elements with large aspect ratios. In these elements, they tend to sti en and lose accuracy as their aspect ratio increases. One of the solutions to alleviate numerical locking is reduced integration approach [18] . In this investigation, for tetrahedron elements, the average aspect ratio of elements is 2.87 and the worst aspect ratio is 8.80, which makes these elements unlikely for shear locking. The strain energy of an element is equal to U = 1 2 d T kd = 1 2 R V e " T D"dV . If U is equal to zero for a mode d, which is di erent from a rigid body mode, then d is known as a spurious zero energy mode or hourglass mode. The mentioned mode is not desirable and this phenomenon does not appear in the full integration elements used in this research. Hourglassing could be a problem with rst-order, reducedintegration elements. However, hour-glassing could be minimized by distributing point loads and boundary conditions over a number of adjacent nodes. In FEM models, which are used in this paper, in addition to using a ne mesh, loads are also applied in a distributed manner using a rigid plate as described in Section 3.3. Therefore, appearing spurious zero energy mode or hourglass mode is unlikely in the existing FEM model.
Analytical model
In this paper, an analytical model is proposed to predict the performance of deliberated connection with some equations. Analytical model is provided using component method. In this method, connection is divided into some components and it is presumed that each component behaves as a linear spring. Thereafter, all springs are connected to each other as series or parallel springs and initial sti ness of the overall connection is calculated. In addition, the ultimate moment, which can be carried by connection, is calculated in this paper using the formation of plastic hinges.
Evaluation of the initial sti ness
Components that may be e ective in evaluating initial sti ness are web angles, gusset plate, and column. First, the center of rotation of connection should be speci ed. In the case that two gusset plates exist on top and bottom of the beam, according to FEM models, the center of rotation is in the range of 0:4d beam to 0:6d beam above the bottom of the lower ange of beam. Therefore, the center of rotation, in this case, is considered by the average value of 0:5d beam above the bottom of the lower ange of beam. In the case that only one gusset plate exists on top of beam, according to FEM models and the research of Stoakes [14] , the center of rotation is above the top of the upper ange of beam. Through the analysis of all models, it is observed that the center of rotation position is a function of beam depth and gusset plate dimensions. Therefore, the distance of center of rotation from the top of gusset plate is evaluated as follows (lengths are in the unit of mm): The sti ness of a web angle is calculated by assuming that the angle acts as a cantilever beam and a concentrated load is applied to the end of the beam [14] . This is calculated in Eq. (1):
The length of cantilever beam, L, is considered as the width of leg of angle minus the back welded width (here, back welded width is considered equal to 2 cm) for welded connections. Also, parameters I and A s are calculated by assuming a rectangular section with a height equal to angle thickness and a width equal to dy, in which dy is the di erential element along the length of angle L a . Finally, the sti ness of connection due to web angles is calculated in Eq. (2): 
The presence of multiplier 2 is due to the existence of two angles on the edges of web of the beam.
In the case where only one gusset plate is considered on top of the beam, the process guideline followed is exactly such as above, with exceptions only in the integral intervals. The L a 2 should be changed to: Figure 3 . Furthermore, the considered section of the beam along its length is nonprismatic. The bottom of beam length is the center of rotation of connection as opposed to the top of beam length being the end of gusset plate. In addition, based on the slight participated role of a segment of gusset plate in connection behavior, this segment in particular is not considered in calculating sti ness. Therefore, the height of gusset plate at the topmost part of the contemplated beam is considered to be 35 percent of the real height. At the same time, the right ange segment of the column (the ange that is not connected to the gusset plate) does not contribute to connection behavior and it is not considered in calculating the sti ness. Through the assumption of linear stress distribution along the considered beam length and applying a concentrated load to the center of gravity of stress distribution (in two thirds of the gusset plate length plus half of the main beam height), rotational sti ness of connection due to gusset plate and column can be calculated. Moreover, by analyzing this beam through operating a computer program based on the dimensions of connection, Eq. (3) is proposed for calculating the sti ness of connection due to gusset plate and column:
In Eq. (3), the parameters L, I e ; and A e are de ned in Eqs. (4) 
A e = 0:6(L gh :t g + h wc :t wc ); 
The sti ness of the connection for a case where there is only one gusset plate on top of the beam due to gusset plate and column is basically calculated using Eq. (9). Hence, the applied parameters in Eq. (9) are computed using Eq. (10) and Eqs. (5) to (8):
Total sti ness of connection
The total sti ness of the connection is calculated by summing K gusset+column and K angles in a case where two gusset plates do exist in connection. On the other hand, for a case in which only one gusset plate exists in connection, the sti ness is calculated by summing up the related K gusset+column plus the related K angles .
Evaluation of the ultimate moment of connection and the moment-rotation curve derived from the analytical model
In order to evaluate the ultimate moment that can be carried by the connection, various criteria can be considered. In the case that there are two gusset plates on top and bottom of the beam, four criteria are considered. The rst criterion is shear yielding of the gusset plate section. According to code AISC360-10, the capacity of shear yielding in an element of connection is derived by Eq. (11). In Eq. (11), the parameter A gv pertains to the gross shear area [20] . According to this criterion, the ultimate moment that can be carried by the connection is calculated by multiplying Eq. (11) by the arm of this force from the center of rotation, which is equal to half of beam depth:
R n = 0:6F y A gv ; The second criterion involves column web local yielding due to both compressive and tensile forces being exerted to column through gusset plate. According to AISC360-10, the capacity of column in this case is derived from Eq. (13) [20] . Additionally, the ultimate moment that can be supported by connection according to this criterion can be derived from Eq. (14) . Eq. (14) is calculated by multiplying Eq. (13) by the force arm, presuming linear force distribution from the center of rotation: R n = F y t w :(5k + l b ); : (14) The third criterion is based on formation of plastic hinges. According to the generated models, locations of plastic hinges in connection are in the corner of gusset plate. A model is generated accordingly and is shown in Figure 4 . The force P i is derived based on linear stress distribution as well as by equalizing internal work and external work during a unit virtual rotation. Furthermore, the calculation of P i is described through Eqs. (15) to (17 
The fourth criterion is based on the plastic moment capacity of the beam. This moment is derived from Eq. (20):
Finally, the ultimate moment that can be supported by connection is the minimum value that is obtained from the described criteria.
4.3. Calculating the moment-rotation curve using the initial sti ness and the ultimate moment of connection
In order to calculate moment-rotation curve through application of initial sti ness and ultimate moment of connection, the studies by Mohammadi and Mo d [21] , Lee and Moon [22] , and Stelmack et al. [23] are used.
Regarding moment-rotation curve, bilinear curve is applied.
The parameter K i is the initial sti ness of the connection and K p is the secant or plastic sti ness of the connection. There is no acceptable generic way to compute plastic sti ness through analytical method at the present time [21] . Generally, the plastic sti ness is de ned as a ratio of initial sti ness through an empirical method. According to studies by Mohammadi and Mo d [21] , Lee and Moon [22] , and Stelmack et al. [23] , the ratio of plastic sti ness to initial sti ness ranges from 0.02 to 0.20. In addition, by surveying these studies, it is understood that if rigidity of a connection increases, the ratio of plastic sti ness to initial sti ness will also be increased. Therefore, for the considered models, due to their high rigidity, the plastic ratio is taken equal to 0.05 to 0.15 times the initial sti ness. Moreover, the parameter M 0 is called the intercept moment, which is considered equal to 0.75 times the ultimate moment M u according to the recommendation of Mohammadi and Mo d [21] .
Results

Finite element model results with monotonic loading
Ultimately, the results from all 53 models are presented in this section. These results are shown as classi ed by the changed parameters. Figure 5 is related to models \M1" to \M6" and the e ect of beam section is examined in it. In Figures 6 to 9 , the e ect of gusset plate thickness, gusset plate dimensions, column section, and the clip distance at the end of gusset plate are explored, respectively. Figures 10 to 14 are also related to models \M21" to \M40". From the preceding results that are illustrated in Figures 5 to 10 , the following obtained consequences can be understood. First, by increasing the beam depth, initial sti ness, ultimate moment, and ultimate rotation of connection increase; however, the rigidity of connection will be decreased. Also, by increasing the gusset plate thickness or increasing column section size, initial sti ness and rigidity of connection will be increased and ultimate rotation will be decreased. On the other hand, there is no signi cant change in the ultimate moment of connection. Additionally, the other changed parameter is gusset plate dimensions. By increasing gusset plate dimensions, the initial sti ness, ultimate moment, and rigidity of connection will be increased while ultimate rotation of connection will be decreased. The other parameter is the clip distance at the end of gusset plate whose increase will lead to decrease in initial sti ness and rigidity of connection. However, it results in increase in the ultimate rotation and makes no signi cant change in the ultimate moment of connection.
Comparing models \M21" to \M40" with models \M1" to \M20" evidently shows that the results presented above are still stable. However, by removing the bottom gusset plate from bottom of the beam, initial sti ness, ultimate moment, and rigidity of con- nection decrease, while ultimate rotation of connection increases. Moreover, connection transforms from rigid to semi-rigid.
The results for models \MWB2" to \MWB13" are shown in Figures 15 to 18 and the results of model \MWB1" regarding monotonic loading and cyclic loading are shown in Figures 19 and 20 , respectively.
Comparison of bolted models with welded models indicates that the bolted connections have lower initial sti ness, ultimate moment, and rigidity, but higher ultimate rotation in the same conditions. In Figure 19 , moment-rotation curve of the model \MWB1" is illustrated for two cases; the rst one is the presented FEM model and the other one is the Fahnestock and Stoakes [24] model.
Finite element model results with cyclic loading
The models \M1," \M21," and \MWB1" are analyzed according to the cyclic loading with SAC loading protocol [17] . The \MWB1" results are con rmed by the experimental test that has been conducted by Stoakes [14] as it is shown in Figure 20 . The results of \M1" and \M21" models are shown in Figures 21 and  22 , respectively. As shown in Figure 20 , the outcome of FEM is in a good conformity with experimental results. Moreover, as shown in Figures 21 and 22 , the monotonic loading moment-rotation curve is approximately placed on push of cyclic loading moment-rotation curve.
Comparison of FEM results with analytical model results
The initial sti ness and ultimate moment of connections in models \M1" to \M40", FEM models, and analytical models are compared with each other in Table 4 . Evidently, the average percentage of error and absolute average percentage of error in the calculation of initial sti ness are equal to 1.40% and 9.39%, respectively. Moreover, the average percentage of error and absolute average percentage of error in the calculation of ultimate moment are equal to {2.04% and 6.07%, respectively. Apparently, as it is observed in the comparison of models and two methods, it is discerned that the average error between the two methods is less than 10% for both initial sti ness and ultimate moment, and the errors are in the acceptable range.
Conclusion
According to the results in the previous sections, the following consequences can be discerned:
By adding gusset plate to double-web angle connection, the connection does not have a hinge (simple) behavior and performs as a semi-rigid or rigid connection. Predominantly, in fully welded connections, the rigidity of connection is higher than that of bolted connections; The most essential parameters regarding the connection are beam depth, gusset plate dimensions, and existence of gusset plate on both or one side of the beam; Increasing beam depth will increase the initial stiness, ultimate moment, and ultimate rotation of connection; nonetheless, it reduces the rigidity of connection; Increasing gusset plate dimensions will increase rigidity, initial sti ness, and ultimate moment of connection; nonetheless, it reduces ultimate rotation of the connection;
Removing the gusset plate from one side of the beam along with reducing the number of gusset plates around the beam will signi cantly reduce the initial sti ness, ultimate moment, and rigidity of connection; nonetheless, it increases ultimate rotation of the connection. 
